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Abstract 
The aquaculture industry aims at replacing significant amounts of marine fish oil by 
vegetable oils in fish diet. Dietary lipids have been shown to alter the fatty acid 
composition of bone compartments, which would impact the local production of factors 
controlling bone formation. Knowledge on the mechanisms underlying the nutritional 
regulation of bone metabolism is however scarce in fish. Two in vitro bone-derived cell 
systems developed from seabream (an important species for aquaculture in the 
Mediterranean region) vertebra, capable of in vitro mineralization and exhibiting pre-
chondrocyte (VSa13) and pre-osteoblast (VSa16) phenotype, were used to assess the 
effect of certain polyunsaturated fatty acids (PUFAs; arachidonic (AA), 
eicosapentaenoic (EPA) and docosahexaenoic (DHA) acids) on cell proliferation, 
extracellular matrix (ECM) mineralization and gene expression. While all PUFAs 
promoted morphological changes in both cell lines, VSa16 cell proliferation appeared to 
be stimulated by PUFAs in a dose dependent manner until 100M, whereas 
proliferation of VSa13 cells was impaired at concentrations above 10M. AA, EPA and 
DHA inhibited VSa13 ECM mineralization, alone and in combination, while VSa16 
ECM mineralization was only inhibited by AA and EPA. DHA had the opposite effect, 
increasing mineralization almost by 2 fold. When EFAs were combined, DHA 
apparently compensated for the inhibitory effect of AA and EPA. Expression of marker 
genes for bone and lipid metabolisms has been investigated by qPCR and shown to be 
regulated in pre-osteoblasts exposed to individual PUFAs. Our results show that PUFAs 
are effectors of fish bone cell lines, altering cell morphology, proliferation and 
mineralization when added to culture medium. This work also demonstrates the 
suitability of our in vitro cell systems to get insights into mineralization-related effects 
of PUFAs in vivo and to evaluate the replacement of fish oils by vegetable oil sources in 
fish feeds. 
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Resumo 
Um dos objetivos da indústria de aquacultura é a substituição, na dieta dos peixes, de 
óleos de peixe por óleos vegetais. Sendo que os lípidos, presentes na dieta, alteram a 
composição de ácidos gordos nos compartimentos de osso, este facto afectaria a 
produção local de factores que controlam a formação óssea. O conhecimento de 
mecanismos subjacentes à regulação nutricional do metabolismo ósseo é, no entanto, 
escasso em peixes. Neste estudo, foram utilizadas duas linhas celulares, derivadas de 
vértebra da dourada, com capacidade de mineralização in vitro, quando submetidas a 
determinadas condições. Estas exibem um fenótipo de pré-condrócitos (VSa13) e pré-
osteoblástos (VSa16) e foram utilizadas para avaliar o efeito de ácidos gordos 
polinsaturados, selecionados (PUFAs; araquidónico (AA), eicosapentaenóico (EPA) e 
docosahexaenóico (DHA)) sobre a proliferação celular, mineralização da matriz extra 
celular (ECM) e expressão genética. Embora se tenham observado alterações 
morfológicas em ambas as linhas celulares, devido ao tratamento com PUFAs, houve, 
também, a estimulação da proliferação nas células VSa16, dependendo da dose utilizada 
e até uma concentração de 100M. Por outro lado, a proliferação das células VSa13 é 
inibida em concentrações acima de 10M. Os tratamentos com AA, EPA e DHA 
mostraram uma inibição da mineralização nas células VSa13, isoladamente e em 
combinação. No caso das células VSa16 a mineralização foi afectada, negativamente 
pelo uso de AA e EPA e, positivamente pelos tratamentos com DHA. Aquando da 
combinação dos PUFAs, o DHA aparentemente compensou o efeito inibitório dos AA e 
EPA. A expressão de genes envolvidos no metabolismo do osso e de lípidos foi 
investigada por qPCR e mostra a existência de regulação em pré-osteoblastos, expostos 
a PUFAs individuais. Os nossos resultados mostram que os PUFAs alteram a 
morfologia celular, proliferação e mineralização em linhas de células de peixes 
derivadas de osso. Este trabalho demonstra, também, a aptidão dos nossos sistemas 
celulares in vitro na obtenção de conhecimento relacionado com o efeito que a 
utilização de PUFAs tem na mineralização in vivo, bem como permite avaliar os efeitos 
da substituição de óleos de peixe por fontes de óleos vegetais na alimentação de peixes. 
 
Palavras-chave: Acidos gordos polinsaturados; cultura celular; osso; mineralização 
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AA  Arachidonic acid 
ALP Alkaline phosphatase 
AR-S Alizarin red S 
BMP Bone morphogenetic protein 
COL1 Type I collagen 
COX Cyclooxygenase  
DHA Docosahexaenoic acid 
DMEM Dulbecco's modified eagle medium 
ECM Extracellular matrix 
EDTA Ethylenediaminetetraacetic acid 
EPA Eicosapentaenoic acid 
FBS Fetal bovine serum  
LOX Lipoxygenase 
MGP Matrix Gla protein 
MSCs Mesenchymal stem cells 
OC Osteocalcin  
ON Osteonectin  
OP Osteopontin  
PBS Phosphate buffered saline 
PCR Polymerase chain reaction 
PGE Prostaglandin E 
PLA2 Phospholipase A2 
p-NP p-nitrophenol 
p-NPP p-nitrophenyl phosphate 
PPAR Peroxisome proliferator-activated receptor 
PUFA Polyunsaturated fatty acid 
qPCR Quantitive polymerase chain reaction 
RNA Ribonucleic acid 
RUNX2 Runt-related transcription factor 2 
TNAP Tissue non-specific alkaline phosphatase 
UV Ultra violet 
ω-3 omega-3 fatty acid 
ω-6 omega-6 fatty acid 
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I.1. Vertebrate skeleton: Function and structure 
Vertebrate skeleton has a wide range of functions. It provides protection for vital organs 
and mechanical support for the body; it also allows for movement through space 
through its attachment to muscles. In mammals, it serves as a vital body reservoir of 
minerals (such as calcium) and houses the bone marrow, source of the hematopoietic 
cells in adults (Rodan, 2003). Fish skeleton plays similar roles, although it is not a 
hematopoietic tissue (it does not contain bone marrow) and does not serve as a major 
calcium reservoir in normal conditions, as fish can retrieve this mineral from the aquatic 
environment (Lall, 2002). 
Vertebrate skeleton is made up of two main types of connective tissue: bone and 
cartilage. Of particular interest for this work, bone is a dynamic connective tissue with 
the ability to adapt its mass and morphology to functional demands, to auto repair itself 
and to rapidly mobilize mineral reserves according to metabolic needs, making this 
particular type of tissue an example of "structure follows function" (Sommerfeldt et al., 
2001). Bone is made up of an organic matrix (25%) an inorganic matrix (calcium-
phosphate mineral hydroxyapatite, 70%) and water (5%). This organic matrix, prior to 
its mineralization, is called osteoid and is mainly consisted of collagen and other 
proteins that play a role during the mineralization process (e.g. osteopontin (OP), 
osteonectin (ON), osteocalcin (OC) and matrix Gla protein (MGP)) or have important 
signalling functions (e.g. bone morphogenetic proteins (BMPs), growth factors, 
cytokines, adhesion molecules) (Sommerfeldt et al., 2001). 
Bone is formed through two main processes (n.b. other modes of ossification exist 
(Hall, 2005) but will not be discussed here). Endochondral ossification (Figure 1A) 
needs a cartilaginous structure to serve as a mold that will later be degraded and 
substituted by bone, whereas intramembranous ossification (Figure 1B) occurs when 
mesenchymal cells aggregate and differentiate into osteoblasts that in turn initiate the 
mineralization process. Bone is consisted of three major cell types: osteoblasts, 
osteoclasts and osteocytes (Figure 2). In mammals, as in fish, osteoblasts originate from 
the mesenchymal cell lineage and are involved in the synthesis and mineralization of the 
bone matrix. Osteoblasts are characterized by a large, spherical nucleus and a high 
content of rough endoplasmic reticulum, Golgi apparatus and mitochondria, allowing 
the synthesis and secretion of high quantities of bone matrix proteins, e.g. type I 
 3 
collagen (Jayakumar et al., 2010). Osteoclasts are macrophage-like cells that resorb the 
bone matrix and participate in bone remodelling. Mammals typically possess giant 
multinucleated osteoclasts exhibiting a strong resorbing activity, whereas in advanced 
teleost fish osteoclasts are small mononucleated cells with a reduced resorbing activity 
(Figure 3; Witten et al., 2010). In both mammals and fish, osteoclasts secrete tartrate-
resistant acid phosphatase, collagenase and other hydrolases that act locally, digesting 
bone organic matrix (Junqueira et al., 2004). Osteoblasts that become entrapped in the 
bone matrix differentiate into osteocytes. The matrix collects around osteocyte body and 
extensions, thus forming gaps and canaliculi in bone. Osteocytes are characterized by 
reduced endoplasmic reticulum and Golgi apparatus, and a nucleus with condensed 
chromatin. Although these ultra-structural characteristics indicate low synthetic activity, 
osteocytes are essential for maintaining the bone matrix (Junqueira et al., 2004). 
 
 
Figure 1. Endochondral (A) and intramembranous (B) ossification. Endochondral ossification begins 
with the condensation of mesenchymal cells and the differentiation of central cells into chondrocytes, 
which hypertrophy (purple). Progression to the mature growth plate accompanies the development of the 
perichondrium (yellow), vascular invasion, and the formation of a center of ossification containing 
osteoblasts (yellow). During intramembranous ossification, undifferentiated mesenchymal cells condense 
and differentiate into osteoprogenitor cells (pink), which progress to mature osteoblasts (yellow) 
responsible for the deposition and mineralization of bone matrix. Osteoblasts either die by apoptosis or 
are entrapped in the matrix, becoming osteocytes. Adapted from Ornitz (2002). 
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While basal teleost fish (e.g. the zebrafish) have a cellular/osteocytic bone, i.e. 
osteoblast are entrapped into newly synthesized bone matrix and become osteocytes 
(Figure 3), the majority of advanced teleosts (e.g. the gilthead seabream) have an 
acellular/ anosteocytic bone, i.e. bone matrix is devoid of osteocytes since osteoblasts 
receding from the mineralization front never become entrapped (Parenti, 1986; Witten 




Figure 2. Schematic representation of bone remodeling. Osteocytes (yellow cells), which are embedded 
within mineralized bone, communicate via ramifications of dendritic processes and orchestrate the spatial 
and temporal recruitment of the cells that form (osteoblasts) and resorb (osteoclasts) bone. Haemopoietic 
cells of the monocyte/macrophage lineage differentiate to mature osteoclasts (pink cells) and resorb bone. 
During the reversal phase (orange cells), osteoblastic progenitors are recruited to the site of resorption, 
differentiate and synthesize osteoid, and mineralize the new bone matrix (blue cells). Adapted from 
Nicholls (2012). 
 
Because both osteocytic and anocteocytic bone contain similar cell types (osteoblasts 
and osteoclasts), because regulatory mechanism, chemical composition, development as 
well as homology and expression patterns of bone-related have been mostly conserved 
throughout vertebrate evolution, mammalian and fish bones are considered to perform 
the same function (Alexander et al., 2007; Renn et al., 2006; Witten et al., 2004). 
Therefore, most of the results obtained in one system may be extrapolated to the other 
system. 
Of particular interest for this work, piscine bone metabolism is regulated by a variety of 
factors: parathyroid hormone and parathyroid hormone related protein (Guerreiro et al., 
2007); stanniocalcin, a predominant hormone that regulates calcium and phosphate 
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homeostasis in salmon and several freshwater fish (Wagner et al., 1998); autocrine and 
paracrine factors, including prostaglandins, cytokines, and growth factors (Lall et al., 




Figure 3. Main differences between cellular and acellular bone. Osteocytes (yellow cells), embedded in 
bone matrix, osteoclasts (pink cells) resorbing bone, osteoblasts (blue cells) laying down osteoid and bone 
lining cells (green cells). Adapted from (Witten et al., 2010). 
 
I.2. Dietary lipids and bone metabolism 
I.2.1. Lipids 
Given their complexity and heterogeneity, lipids are difficult to define. The most 
common definition is based on their solubility: ‘‘Those substances which are (a) 
insoluble in water; (b) soluble in organic solvents such as chloroform, ether or benzene; 
(c) contain long-chain hydrocarbon groups in their molecules; and (d) are present in or 
derived from living organisms’’ (O’Keefe (2008) and references there in). Lipids may 
be broadly defined as hydrophobic or amphiphilic small molecules. It is possible to 
divide biological lipids into eight categories: fatty acyls (generic name for fatty acids 
and their derivatives), glycerolipids, glycerophospholipids, sphingolipids, 
saccharolipids and polyketides (derived from condensation of ketoacyl subunits); and 
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sterol and prenol lipids (derived from condensation of isoprene subunits) (Fahy et al., 
2009). 
The biological functions and structures of lipids are diverse. Fats provide animals with 
thermal insulation and padding. Waxes in cell walls, exoskeletons, and skins protect the 
surfaces of some organisms. Biological membranes contain a variety of amphipathic 
lipids, including glycerophospholipids and sphingolipids. Gangliosides and other 
glycosphingolipids are located at the cell surface and can participate in cellular 
recognition. Metabolic energy can be derived from triacylglycerols (fats and oils), that 
function as intracellular storage molecules. Lipids also have highly specialized 
functions, e.g. steroid hormones regulate and integrate a host of metabolic activities in 
animals, and eicosanoids exert complex control over many physiological processes, 
mainly in inflammation or immunity, and as messengers in the central nervous system. 
Of particular interest for this work, fatty acids are aliphatic monocarboxylic acids 
present in animal or vegetable fat, oil or wax. Natural fatty acids commonly have a 
chain of 4 to 28 carbons (usually unbranched and even-numbered), which may be 
saturated (do not contain any carbon-carbon double bonds) or unsaturated (contain at 
least one carbon-carbon double bond). Polyunsaturated fatty acids (PUFAs) play an 
essential role in the cellular membrane, significantly influencing its fluidity and 
function. Within the plasma lipoprotein particles, PUFAs serve as the major constituents 
of phospholipids, triglycerides, and cholesterol esters; they are organized in 3 major 
families: omega-3 (ω-3), omega-6 (ω-6) and omega-9 (ω-9), all of which are 
metabolized using the same group of enzymes (Le et al., 2009). Among these PUFAs, 
arachidonic (AA), eicosapentaenoic (EPA) and docosahexaenoic (DHA) acids have 
been shown to have significant effects on bone metabolism (Coetzee et al., 2007; 
Coetzee et al., 2009; Das, 2006; Grey, 2009; Kelly et al., 2003; Kruger et al., 2010; Lall 
et al., 2007; Watkins et al., 2001b). 
 
I.2.2. Effects of PUFAs on bone metabolism 
Emerging evidence from human and terrestrial vertebrate studies supports the 
hypothesis that dietary lipids play an important role in skeletal biology and bone health 
(Sun et al., 2003; Watkins et al., 2001a). Several studies have shown that dietary lipids 
alter the fatty acid composition of bone compartments (Watkins et al., 2000), which 
would impact the local production of factors influencing bone modelling in animals. In 
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general, high levels of -3 long-chain PUFA enhances bone formation rate. In humans, 
the mechanism has been largely attributed to reduced prostaglandin E2 (PGE2) synthesis 
in bone (Burke et al., 2002; Watkins et al., 2003). The PGE2 is a potent stimulator of 
both bone formation and bone resorption and is formed through the metabolism of -6 
PUFAs. The extent of stimulation appears to be affected in part by PGE2 concentration, 
with moderate concentrations elevating bone formation, and high concentrations 
elevating bone resorption. In terrestrial vertebrates, the -3 PUFAs are precursors to 
PGE3, which is equally potent to PGE2 in bone. However, conversion is less effective 
than for PGE2 from -6 PUFA resulting in lower total PGE levels. In other words, an 
excessive consumption of -6 PUFA could have a negative effect on bone metabolism 
by increasing bone resorptive activity through elevated endogenous production of PGE2 
(Watkins et al., 2001b). 
 
I.3. Why study the action of dietary fatty acids on fish bone 
metabolism? 
The aquaculture industry is highly dependent on fish oil as a source of nutrients in fish 
feeds but the strain on marine fisheries and the increasing costs of fish meal and fish oil 
(Naylor et al., 2000; Tacon et al., 2008) may jeopardize the future of fish farming. A 
new trend has recently emerged in fish feeds: the replacement of fish oil by vegetable 
oil, a resource with a higher availability, a better sustainability and more cost effective 
than fish oil (Turchini et al., 2009). The use of vegetable oils as the sole lipid source is 
however unsuitable to the farming of marine fish species due to the low conversion of 
linoleic and linolenic acids, abundant in vegetable oils, into AA, EPA and DHA which 
are PUFAs abundant in fish oils (Sargent et al., 1997; Turchini et al., 2009) and 
essential for marine fish species (Sargent et al., 1993; Sargent et al., 1997). For that 
reason, successful replacement of fish oil by vegetable oils will only be possible when 
these fatty acids are present in marine fish feeds in sufficient quantities to meet the 
essential requirements. Substitution of up to 60% fish oil by vegetable oils did not 
compromise growth, survival, feed utilisation or major fillet organoleptic properties in 
gilthead seabream, although it altered the fatty acid composition of flesh (Izquierdo et 
al., 2005). Dietary lipids were also shown to alter the fatty acid composition of bone 
compartments in rodents (Watkins et al., 2000), which would impact the local 
production of factors influencing bone mineralization and possibly trigger skeletal 
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deformities. In this sense, AA, EPA and DHA have been shown to modulate bone 
metabolism in terrestrial vertebrates (Poulsen et al., 2007; Watkins et al., 2000; Watkins 
et al., 2006; Weiler et al., 2002) and further research using fish models is needed. 
 
II. Objectives and experimental set up 
To better understand the action of dietary fatty acids on fish bone mineralization, we 
propose to evaluate the mineralogenic potential of selected PUFAs using a fish cell 
system capable of in vitro mineralization. 
 
II.1. Experimental system: gilthead seabream mineralogenic cell 
lines 
Over 200 fish cell lines (see FICEL database at www.fcma.ualg.pt/edge) have been 
established since the first report by Wolf and colleagues 50 years ago (Wolf et al., 
1962) but only few of them have the in vitro capacity to mineralize their extracellular 
matrix. In fact, most (if not all) of these mineralogenic cell lines have been developed at 
the EDGE-CCMAR cell culture facilities from calcified tissues of the gilthead seabream 
Sparus aurata (Marques et al., 2007; Pombinho et al., 2004; Rafael et al., 2010), a 
marine teleost living along the Atlantic coasts of Europe and the Mediterranean Sea 
(Froese et al., 2003) and one of the most important species in the aquaculture industry 
in Southern Portugal and the Mediterranean region (Stephanis, 1996). 
Among these cell lines, the chondro/osteo-progenitor cell lines VSa13 and VSa16, both 
capable of extracellular matrix (ECM) mineralization (Figure 4), were derived from 
vertebrae of the gilthead seabream (Pombinho et al., 2004) and have been already used 
in a variety of studies aiming at investigating bone and cartilage marker gene expression 
(Conceição et al., 2008; Fonseca et al., 2007; Laizé et al., 2005; Rafael et al., 2006; 
Tiago et al., 2011b); signalling pathways (Tiago et al., 2008a), transfectability and 
promoter activity analysis (Braga et al., 2006; Conceição et al., 2008) and proliferative 
and mineralizing effect of vanadate (Tiago et al., 2008b; Tiago et al., 2011a; Tiago et 
al., 2011b). Such studies have shown the suitability of these cells to study the effect of 





Figure 4. In vitro mineralization of the extracellular matrix of fish skeletal cell lines. Micrographs of von 
Kossa-stained (A) and Alizarin red-stained (B) VSa13 and VSa16 cell lines undergoing ECM 
mineralization. Mineral nodules appear in black (A) or in red (B). Bar is 5 mm in A and 50 m in B. 
 
II.2. Experimental PUFAs: AA, EPA and DHA 
As mentioned above AA, EPA, DHA (Figure 5A) and their derivatives (Figure 5B) are 
important modulators of bone metabolism and essential, in dietary terms, for marine 
fish species. Arachidonic acid (all-cis-5,8,11,14-eicosatetraenoic acid; 20:4-6), is 
present in most phospholipids of cellular membranes and a precursor in the production 
of eicosanoids (i.e. prostaglandins, thromboxanes, prostacyclin and leukotrienes) 
through enzymes including cyclooxygenase, lipoxygenase and peroxidase (Jump, 2002). 
Eicosapentaenoic acid (5,8,11,14,17-icosapentaenoic acid; 20:5-3) is an important 
constituent of the phospholipids in animal tissues and is the precursor of the series 3 
prostaglandins and thromboxanes and series 5 leukotrienes, which have anti-
inflammatory effects (Calder, 2009). EPA is the primary fatty acid of fish oil (~20–25% 
in weight; (Watkins et al., 2008) and has been investigated extensively for its action as a 
competitive inhibitor of arachidonic acid metabolism (James et al., 2000). 
Docosahexaenoic acid (all-cis-docosa-4,7,10,13,16,19-hexaenoic acid; 22:6-3) 
contributes to aminophospholipids, phosphatidylserine and phosphatidylethanolamine 
of cell membranes (Kim, 2007; Salem et al., 2001). DHA is known to be the major 
PUFA in the outer segments of the retina rods and cones, where it can constitute as 
much as 80% of all the PUFAs (Giusto et al., 2000), as well as influence signalling 
events that are vital to neuronal survival and differentiation (Kim, 2007). DHA is also a 
primary component of fish oil (~8–20% in weight; Watkins et al., 2008). 
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Figure 5. Selected PUFAs (A) and associated metabolism (B). AA, arachidonic acid; EPA, 
eicosapentaenoic acid; DHA, docosahexaenoic acid; COX, cyclooxygenase; LOX, lipoxygenase; LTB, 
leukotriene B; PGE, prostaglandin E. Adapted from www.beatcoloncancer.com/fatty_acid_ 
metabolism.html. 
 
II.3. Endpoints: cell proliferation, ECM mineralization and gene 
expression 
Proliferative and mineralogenic potentials of the above mentioned PUFAs will be 
determined by direct comparison of untreated versus PUFA-treated cells. While actively 
dividing cell cultures will be used to test proliferative effect (endpoint: cell number at 
10 days), growth-arrested cell cultures will be used to test their mineralogenic effect 
(endpoints: ECM mineralization, Alkaline phosphatase (ALP) activity, collagen content 
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at 2.5 weeks). The potential of selected PUFAs in regulating the expression of genes 
involved in ECM mineralization and fatty acid metabolism will also be tested by 
quantitative real-time PCR (endpoint: relative gene expression at 2.5 weeks of ECM 
mineralization). The following marker genes will be investigated: Bone morphogenetic 
protein 2 (BMP2, essential for bone formation; (Hassan et al., 2006); Matrix Gla protein 
(MGP, a vitamin K-dependent protein of the extracellular matrix with an inhibitory 
effect on mineralization and a marker of chondrogenesis; (Boström et al., 2001); Runt-
related transcription factor 2 (RUNX2, an osteoblast-specific transcription factor with a 
crucial role in bone development: (Komori et al., 1997); Type I collagen (COL1, a 
major structural element in bones, tendons, ligaments, skin, and sclerae, essential for 
normal bone function; (Jin et al., 2009); Osteopontin (OP or SPP1, a secreted 
phosphoprotein abundant in newly formed bone and thought to control the sizes and 
shapes of mineral crystals; (Morinobu et al., 2003; Sodek et al., 2000); Osteonectin (ON 
or SPARC, a secreted protein, acidic and rich in cysteine and a calcium-binding 
matricellular glycoprotein secreted by many different types of cells; (Yan et al., 1999); 
Tissue non-specific alkaline phosphatase (TNAP, an enzyme responsible for the 
cleavage of the pyrophosphate – a mineralization inhibitor – and a biochemical marker 
of osteoblast activity; (Addison et al., 2007; Christenson, 1997; Singer et al., 2008); 
Cyclooxygenase 2 (COX2, a prostaglandin synthase responsible for the initial rate-
limiting conversion of arachidonic acid to prostaglandin E2; (Watkins et al., 2003); 5-
Lipoxygenase (5-LOX, an enzyme that generates lipid mediators, such as leukotrienes, 
promoting bone resorption and inducing osteoclastogenesis; Poulsen et al. (2007) and 
references there in); Phospholipase A2 (PLA2, responsible for the liberation of PUFAs 
from the phosphoglycerides present in cellular membranes; Tassoni et al. (2008) and 
references there in). 
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III. Materials and methods 
III.1. Materials 
Arachidonic, eicosapentaenoic and docosahexaenoic acids were purchased from 
Cayman Chemical at a purity ≥98%. Stock solutions were prepared under nitrogen 
vapours in absolute ethanol (Merck) at a concentration of 100 mM then stored at -80ºC. 
Cell culture reagents and dishes were from Invitrogen and Sarstedt, respectively. All 
chemicals were purchased from Sigma-Aldrich unless otherwise stated. 
 
III.2. Cell maintenance 
Cell lines VSa16 and VSa13, derived from the vertebra of the gilthead seabream Sparus 
aurata, were maintained as described previously (Pombinho et al., 2004). Briefly, cells 
were cultured in Dulbecco's modified eagle medium (DMEM) supplemented with 10% 
fetal bovine serum (FBS), 1% penicillin-streptomycin, 1% fungizone, and 2 mM L-
glutamine, and incubated at 33ºC in a 10% CO2 humidified atmosphere. Confluent 
cultures were sub-divided 1:3 every 3-4 days using 0.2% trypsin-EDTA solution (in 
PBS. 1× PBS is 137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, 1.47 mM KH2PO4, pH 
7.4). Cultures between passage 130 and 150 were used in this work. 
 
III.3. Cell counting 
Cells were counted microscopically before each seeding from 10 μl of trypsinized-cell 
suspension using a double Neubauer counting chamber (Brand), as described in Phelan 
(2007). 
 
III.4. Cell proliferation assay 
Cells were seeded in 96-well plates at 1.5 × 10
3
 cells per well. After 16 h, culture 
medium was replaced with fresh medium containing ethanol (vehicle) or PUFAs, and 
was renewed every second day. Cell proliferation was determined after 10 days of 
treatment using the CellTiter 96 non-radioactive proliferation assay kit (Promega). This 
assay is based on the ability of dehydrogenases found in metabolically active cells to 
convert the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophen-
yl)-2H-tetraz-olium salt into a formazan product soluble in culture medium. Formazan 
production, directly proportional to the number of living cells in culture, was measured 
by spectrophotometry at 490 nm using a Synergy 4 microplate reader (BioTek). 
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III.5. Oil red O staining 
Adipocyte-like differentiation was evaluated through Oil red O staining in VSa13 and 
VSa16 cell cultures exposed to PUFAs for 10 days. Oil red O stock solution (0.5% 
(w/v) in isopropanol) was first diluted 6:4 in distilled water, allowed to stand for 10 
min, and then filtered through Whatman #1 paper. Cells were washed with PBS, fixed 
in 10% (v/v) formalin (in PBS) for 10 min at room temperature, stained for 1 h at room 
temperature then rinsed with distilled water and allowed to air dry. The coloration was 
observed using an Axiovert 25 inverted microscope (Zeiss). 
 
III.6. Extracellular matrix mineralization 
ECM mineralization was induced in confluent cell cultures by supplementing medium 
with 50 μg/mL of L-ascorbic acid, 10 mM β-glycerophosphate and 4 mM calcium 
chloride. Ethanol (vehicle) or PUFAs were added at the time of medium renewal, twice 
a week. At appropriate times, mineral deposition was revealed through Alizarin red S 
(AR-S) staining (Puchtler et al., 1969). Cells were washed 3 times with ice-cold PBS, 
fixed with 4% (v/v) formalin (in PBS) for 1 h at 4°C, washed 3 times with distilled 
water and finally incubated with 40 mM AR-S at pH 4.2 for 15 min. Excess of dye was 
removed by washing cells 5 times with distilled water and calcium-bound dye was 
solubilized in 10% (w/v) cetylpyridinium chloride (in 10 mM sodium phosphate buffer 
at pH 7) and quantified by spectrophotometry at 550 nm using a microplate reader. 
 
III.7. Sirius red staining 
Collagen fibres were detected using Sirius red according to the method described by 
Tullberg-Reinert et al (1999). Cells were washed 3 times with PBS and fixed using 
Bouin’s fluid (prepared by mixing 15 mL of saturated aqueous picric acid with 5 mL of 
35% formalin and 1 mL of glacial acetic acid). After fixation, cell layer was washed 
with running tap water during 15 min, air dried, then incubated for 1 h with Sirius red 
staining solution. Excess of dye was removed by extensive washing with 0.01 N HCl 
and collagen-bound dye was solubilized in 0.1 N NaOH and quantified by 
spectrophotometry at 550 nm using a microplate reader. 
 
 14 
III.8. Alkaline phosphatase activity 
Enzymatic activity of ALP was determined according to Tiago et al (2008a). Cells were 
washed 3 times with PBS, scrapped in the presence of 200 μl of 0.1% Triton X-100 then 
centrifuged for 1 min at 16,000×g. ALP activity was determined at 33°C from initial 
rates of p-nitrophenyl phosphate (p-NPP) hydrolysis into p-nitrophenol (p-NP). Cell 
extract was added to a reaction buffer (0.5 mM p-NPP, 55 mM glycine and 0.55 mM 
MgCl2, pH 10.5) and the production of p-NP was monitored by spectrophotometry at 
405 nm using a microplate reader. ALP activity was normalized with total protein 
content and expressed in pmol/min/µg of protein. Total protein content was determined 
from cell extract by spectrophotometry at 595 nm using Bio-Rad Protein assay. 
 
III.9. RNA extraction and quantitative real-time PCR 
Total RNA was extracted from cell cultures using Ambion TRI-Reagent and purified 
using QIAGEN RNeasy Mini kit. RNA integrity and concentration were assessed on 
1% formaldehyde/agarose gels and by UV spectrophotometry, respectively. Total RNA 
(1 µg) was submitted to DNase I treatment (Promega) for 30 min at 37ºC and reverse-
transcribed for 1 h at 37°C using M-MLV reverse transcriptase (Invitrogen), oligo-d(T) 
universal primer [5’-ACGCGTCGACCTCGAGATCGATG(T)13-3’] and RNaseOUT 
(Invitrogen). Quantitative real-time PCR (qPCR) assays were performed using the 
StepOnePlus Real-Time PCR system (Applied Biosystems). Reaction mixture 
containing 1× SsoFast EvaGreen supermix (Bio-Rad), 0.2 µM of forward and reverse 
gene-specific primers and 1:50 dilution of reverse-transcribed RNA was submitted to 
the following PCR conditions: 2 min at 95ºC then 50 × [20 s at 95ºC, 20 s at 68ºC]. 
Gene expression was normalized using ribosomal protein L27a housekeeping gene and 
relative quantification was determined using the Ct method (Pfaffl, 2006). Primers 
used in this study are listed in Table 1. 
 
III.1. Statistical analysis 
Data was expressed as mean ± standard deviation of at least 2 independent experiments, 
each performed in quadruplicate, and was analyzed with one-way ANOVA (analysis of 
variance) for cell proliferation, Alizarin red staining and gene expression and student’s 
t-test for Sirius red staining and ALP activity. Differences were considered to be 
statistically significant for p<0.05. 
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Table 1. Primers used for qPCR analysis of gilthead seabream gene expression  




5-Lipoxygenase (5-LOX) FP334124 FW:GCACGCCGCCGTCAACTTCG 
RV:ACTCGTTCTCCTGATACTGGCTGAGGG 
-actin (bACT) X89920 FW:CTTCCTCGGTATGGAGTCCTGCGG 
RV:TCCTGCTTGCTGATCCACATCTGCT 




Collagen type 1 alpha 1 (COL1A1) DQ324363 FW:GAGATGGCGGTGATGTGGCGGAGTC 
RV:GCCTGGTTTGGCTGGATGAAGAGGG 
Cyclooxygenase- 2 (COX2) (*) FW:AGGGAAAACGCCATCTTTGGGGAA 
RV:AAGGATGCCACGGGACAGGGTC 
Matrix Gla protein (MGP) AY065652 FW:GTGAGGACTACTCGCCCTGCCGCTTC 
RV:CGGGAGATGCCACAGAACAACTACA 
Osteonectin (ON) AY239014 FW:AGGAGGAGGTCATCGTGGAAGAGCC 
RV:GTGGTGGTTCAGGCAGGGATTCTCA 
Osteopontin (OP) AY651247 FW:AAAACCCAGGAGATAAACTCAAGACAACCCA 
RV:AGAACCGTGGCAAAGAGCAGAACGAA 
Phospholipase A2 (PLA2) (**) FW:CGGGAACTCCTCTGGACGACTTGG 
RV:TGGTTCTGAGCGAAGCAGTGAGCC 
Ribosomal protein L27a (RPL27a) AY188520 FW:AAGAGGAACACAACTCACTGCCCCAC 
RV:GCTTGCCTTTGCCCAGAACTTTGTAG 








* reconstructed from expressed sequence tag (EST) sequences AM296029 and HS983334 
** reconstructed from EST sequences FG263263, FM151852, FM151574, FP333360 and FM153485 
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IV. Results and discussion 
IV.1. PUFAs stimulate the proliferation of VSa13 and VSa16 cells 
and change their morphology 
Initial tests were performed to determine PUFA concentrations that would not adversely 
affect the proliferation of VSa13 and VSa16 cells upon chronic exposure. 
Proliferation/survival rates were determined after 10 days of exposure of sub-confluent 
cell cultures and for PUFA concentrations of up to 100 µM. 
 
Figure 6. Effect of polyunsaturated fatty acids (1-100 μM) on VSa13 (A) and VSa16 (B) cell 
proliferation/survival. AA, arachidonic acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid. 
Value of vehicle-treated samples was set to 100% and is indicated with a dotted line. Values are the 
average of at least 8 biological replicates and are presented ± standard deviation. a indicates values 
statistically different (one-way ANOVA p<0.05) from control. 
 
While AA, EPA and DHA showed a dose-dependent stimulatory effect on VSa16 cell 
proliferation, AA and DHA concentrations higher than 10 µM exhibited an adverse 
effect on the proliferation of VSa13 cells (Figure 6) as well as an increase in cell death 
 17 
observed microscopically (results not shown). Although not toxic in the time frame used 
for proliferation assays, all PUFAs at 100 µM induced transient changes in both VSa13 
and VSa16 cell morphology in the first days of treatment – increased size and spherical 
shape – and the brief appearance of vesicles in few cells, indicative of an adipocyte-like 
phenotype (Figure 7). Osteoblasts and adipocytes both originate from mesenchymal 
stem cells (MSCs) and osteoblasts have been reported to be able to transdifferentiate 
into adipocytes upon exposure to long chain fatty acids (Diascro et al., 1998). 
 
 
Figure 7. Phase-contrast micrographs of VSa13 and VSa16 cells at day 1 and 10 of being cultured in 
regular medium (Ct) or in medium supplemented with 100 μM of arachidonic acid (AA), 
eicosapentaenoic acid (EPA) or docosahexaenoic acid (DHA). Bar is 50 µm. Inserts are ×2 
magnifications of selected areas. Arrowheads indicate intracellular vesicles. 
 
VSa13 and VSa16 chondro/osteo progenitor cells treated with 100 µM of PUFAs for 10 
days were stained with Oil red O, a dye specific for triglycerides and cholesteryl oleate 
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(Ramírez-Zacarías et al., 1992). Vesicles were negative for Oil red O staining but also 
transient (not visible at the end of the treatment) indicating that they are most likely not 
related to adipocitic trans-differentiation of chondro/osteo progenitor cells and probably 
represent an adaptive stage of the cells to the high amounts of fatty acids. 
 
 
Figure 8. Effect of polyunsaturated fatty acids on VSa13 (10 μM, A) and VSa16 (100 μM, B) cell 
proliferation. A, arachidonic acid; E, eicosapentaenoic acid; D, docosahexaenoic acid. Proliferation of 
vehicle-treated cells was set to 100% and is indicated with a dotted line. Values are the average of at least 
8 biological replicates and are presented ± standard deviation. a, b, c and d indicate values statistically 
different (one-way ANOVA p<0.05) from control, A, E and D values, respectively. 
 
Single PUFAs (10 µM) did not alter VSa13 cell proliferation significantly, although 
when used in combination the treatments containing DHA had a slight increase of 
proliferation when compared to DHA alone (Figure 8A). PUFAs (100 µM) 
significantly stimulated VSa16 cell proliferation (Figure 8B) by 35-45% for single 
PUFA and 60-80% for 2-by-2 combinations. The combination of all three PUFAs did 
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not result in a stronger stimulation, possibly because the high PUFA load (100 µM for 
each PUFA, 300 µM in total) may induce a chemical strain affecting cell proliferation. 
Few studies have reported an effect of PUFAs on the morphology and proliferation of 
bone-derived cell lines. While Fujimori et al. (1989) showed that AA (100 µM) 
stimulated the growth of mouse osteoblast-like MC3T3-E1 cells and rat osteogenic 
sarcoma UMR106 cells, Coetzee et al (2007) showed that AA (66 μM) and DHA 
(61 μM) both inhibited the proliferation of human osteosarcoma MG-63 cells and 
MC3T3-E1 cells. In both studies, PUFAs had no effect on cell morphology. It is clear 
from available data that AA, EPA and DHA modulate bone cell proliferation but the 
question remains whether they have a pro- or an anti-proliferative effect. Differences 
observed may be related to differences in cell types, in the degree of cell differentiation 
or in cell culture conditions (e.g. the composition of the serum, which brings growth 
factors, varies from batch to batch). They may also depend on the species at the origin 
of each cell line. In this sense, the high levels of PUFAs that are usually present in fish 
tissues (Lall et al., 2007) may trigger a different response of fish bone cells to PUFA 
treatment. 
 
IV.2. Anti-mineralogenic (AA and EPA) and pro-mineralogenic 
(DHA) effects of PUFAs 
Mineralogenic effects of PUFAs were assessed by supplementing culture medium of 
mineralizing VSa13 and VSa16 cells with AA, EPA and/or DHA. In VSa13 cell 
cultures, single PUFAs and 2-by-2 combinations inhibited ECM mineralization by 
approximately 80% (Figure 9A), while the combination of all PUFAs inhibited ECM 
mineralization to a lesser extent (66%). Similarly, AA and EPA strongly inhibited 
VSa16 ECM mineralization by 87% but DHA had the opposite effect, stimulating ECM 
mineralization by almost 100% (Figure 9B). When PUFAs were combined 2-by-2, 
ECM mineralization in cell cultures exposed to AA + EPA was decreased to levels 
similar to those in cultures exposed to AA or EPA. When combined with DHA, AA and 
EPA only inhibited ECM mineralization by 18% and 30%, respectively. When all 
PUFAs were combined, levels of mineralization were similar to those of control cell 
cultures. From these results, we concluded that DHA has a pro-mineralogenic effect and 
can apparently compensate, to some extent, the anti-mineralogenic effect of AA and 
EPA in osteoblast-like cells. 
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Figure 9. Effect of polyunsaturated fatty acids on VSa13 (10 μM, A) and VSa16 (100 μM, B) 
extracellular matrix mineralization. Ct, control; AA, arachidonic acid; EPA, eicosapentaenoic acid; DHA, 
docosahexaenoic acid. ECM mineralization of vehicle-treated cells was set to 100% and is indicated with 
a dotted line. Values are the average of at least 4 biological replicates and are presented ± standard 
deviation. a, b, c, and d indicate values statistically different (one-way ANOVA p<0.05) from Ct, A, E 
and D respectively. Representative pictures of Alizarin red-stained cells are presented above each 
treatment. 
 
Anti-mineralogenic effect of AA and EPA may be related to an increase in 
prostaglandins, a downstream product of AA and EPA, known to inhibit the synthesis of 
collagen fibres and ECM mineralization in osteoblasts (Fall et al., 1994; Harrison et al., 
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1994; Kajii et al., 1999; Ogiso et al., 1992). Similarly, pro-mineralogenic effect of DHA 
in VSa16 cells may be related to a decrease in prostaglandin levels. It has been shown 
that pre-incubation of cultured human decidual cells with DHA decreased prostaglandin 
production by up to 80% (Roman et al., 2006) and that DHA improves bone mass by 
increasing the accretion of calcium in bone of growing male rats (Kruger et al., 2005). 
Our in vitro results in fish are consistent with those reported in mammals, i.e. pro- and 
anti-mineralogenic effect of DHA and AA/EPA, respectively, and we propose that 
prostaglandins could also play a similar role in fish, although this will need to be further 
tested. 
To better understand the pro-mineralogenic effect of DHA on VSa16 cells, assays were 
performed to determine whether this effect resulted from altered collagen synthesis or 
alkaline phosphatase activity, two parameters essential to bone formation and matrix 
mineralization. VSa16 cells were mineralized in the presence of DHA (100 M) and 
stained with Sirius red, a method that has been described as highly specific and sensitive 
in the assessment of collagen synthesis by cells (Tullberg-Reinert et al., 1999), or 
cellular extracts were recovered for enzymatic analysis. In agreement with its pro-
mineralogenic activity, DHA slightly stimulated total collagen production 
(Figure 10A), a finding that is in agreement with previous reports indicating a positive 
effect of -3 PUFAs on collagen synthesis in avian epiphyseal chondrocytes (Seifert et 
al., 1997). This effect may be due to the inhibition of PGE2 production (known to 
decrease collagen synthesis in a osteoblasic cell line; (Fall et al., 1994) by -3 PUFAs 
(Bagga et al., 2003). On the contrary, ALP activity was reduced by almost 50% 
(Figure 10B) upon DHA treatment mineralizing conditions. ALP is mostly needed in 
the initial stages of mineralization to supply cells with organic phosphate and remove 
pyrophosphate inhibitory strain (Addison et al., 2007); its production decreases as 
mineralization progresses (Beck et al., 2000). At the time of ALP activity measurement, 
extracellular matrix of control cells were still undergoing mineralization, while cell 
cultures supplemented with DHA were at a later stage of mineralization when ALP is 




Figure 10. Effect of DHA (100 μM) on collagen synthesis (A) and alkaline phosphatase activity (B) in 
mineralizing VSa16 cell cultures. Ct, control; DHA, docosahexaenoic acid. Levels of Sirius red staining 
and ALP activity in vehicle-treated cells was set to 100% and is indicated with a dashed line. Values are 
the average of at least 4 biological replicates and are presented ± standard deviation. a, indicates values 
statistically different (Student’s t-test p<0.05) from Ct. Representative pictures of Sirius red-stained cells 
are presented above each treatment. 
 
IV.3. Gene expression regulation by PUFAs in VSa16 cells 
In order to further study the pro- and anti-mineralogenic action of specific PUFAs, 
expression of various genes related to mineralization and fatty acid metabolism was 
analyzed by qPCR in PUFA-treated VSa16 cells (Figure 11). Expression of PLA2 and 
5-LOX genes could not be detected in VSa16 cells, transcript levels being very low (i.e. 
lower than qPCR detection limit) or gene-specific primers being not suitable for qPCR; 
both genes were therefore excluded from expression analysis. 
Type I collagen is the major structural component of osteoblast ECM (Bou-Gharios et 
al., 2008) and the gene coding for 1 chain (COL1A1) has been shown to be highly 
expressed in pre-osteoblastic VSa16 cells (V. Laizé personal communication). Although 
COL1A1 gene expression was slightly higher in DHA-treated cells than in control cells, 
no significant change in gene expression was observed among PUFA-treated cells. 
Osteonectin (ON) is a matricellular glycoprotein with calcium binding domains and it 
has been associated with the mineralization of osteoblast ECM (Yan et al., 1999). 
Down-regulation of the seabream gene has been observed during in vitro mineralization 
of VSa16 cells (Laizé et al., 2005); however none of the PUFAs significantly affected 
ON gene expression. Matrix Gla protein (MGP) is a vitamin K-dependent protein 
functioning as an inhibitor of ECM mineralization (Luo et al., 1997); it is poorly 
expressed in VSa16 cells (V. Laizé personal communication). All PUFAs down-
regulated the expression of MGP gene to 35-40% of control value but no significant 
change in gene expression was observed among PUFA-treated cells. Osteopontin (OP) 
is a highly phosphorylated sialoprotein and a prominent component of bone and teeth 
mineralized ECM (Sodek et al., 2000); a strong up-regulation of seabream gene has 
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been observed during the in vitro mineralization of VSa16 cells (Tiago et al., 2011b). 
While OP gene expression was down-regulated upon exposure to AA (40%) and EPA 
(70%), it remained unaltered in DHA-treated cells. In agreement with expression and 
mineralization data presented here, the down regulation of OP gene expression by EPA 
has been previously reported and associated with a reduced vascular calcification in rats 
(Kanai et al., 2011). Runt-related transcription factor 2 (RUNX2) is a key transcription 
factor in osteoblast differentiation (Ducy, 2000). While levels of gene expression were 
apparently lower in EPA- and DHA-treated cells than in control cells, no significant 
change in gene expression was observed among PUFA-treated cells. Similar results 
were reported during vascular calcification in rats that were administered EPA (Kanai et 
al., 2011). Bone morphogenetic protein 2 (BMP2) is a glycosylated protein involved in 
the induction of osteoblast differentiation and ECM mineralization through BMP 
signalling pathway (Takuwa et al., 1991; Wang et al., 1988); seabream gene is 
expressed in VSa16 cells but is not regulated during in vitro mineralization (Rafael et 
al., 2006). While BMP2 gene expression was unaltered in AA-treated cells, it was 
down-regulated by EPA (60%) and up-regulated by DHA (200%). Cyclooxygenase 2 
(COX-2) is a membrane-associated heme-containing bifunctional enzyme responsible 
for prostaglandin production from fatty acids such as AA and EPA (Rouzer et al., 
2003). While COX2 gene expression was unaltered in AA-treated cells, it was up-
regulated by both EPA (40%) and DHA (170%). An increase of COX2 gene expression 
upon EPA treatment has been previously reported in mammalian cell systems (Maldve 
et al., 2000; Nieves et al., 2006), but there is no report, to the best of our knowledge, of 
a similar stimulation by DHA. On the contrary, available data indicate a decrease of 
COX2 gene expression upon DHA treatment in human colon cancer cells (Swamy et 
al., 2004) and saphenous vein endothelial cells (Massaro et al., 2006). Tissue non-
specific alkaline phosphatase (TNAP) is a membrane bound glycosylated enzyme 
involved in the hydrolysis of pyrophosphate, an inhibitor of tissue mineralization 
(Addison et al., 2007) and a biochemical marker of bone turnover (Balcerzak et al., 
2003; Orimo, 2010). While TNAP gene expression was unaltered in AA-treated cells, it 
was up-regulated by both EPA (46%) and DHA (180%); this up-regulation is in 
agreement with the stimulation of alkaline phosphatase activity by -3 PUFAs reported 
in various studies (Kruger et al., 2010) but contradicts the observed decrease in enzyme 
activity stated previously. Although it should be tested in future experiments, we 
propose that this discrepancy may be related to the fact that we measured total ALP 
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activity, i.e. activity of all alkaline phosphatases expressed by VSa16 cells, while gene 
expression was specifically targeted for the tissue non-specific ALP (TNAP). 
 
 
Figure 11. Effect of PUFAs (100 μM) on mRNA levels in 2.5-week mineralizing VSa16 cells. AA, 
arachidonic acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; COL1A1, type I collagen 
1; OP, osteopontin; TNAP, tissue non-specific alkaline phosphatase; ON, osteonectin; RUNX2, runt-
related transcription factor 2; COX2, cyclooxygenase 2; BMP2, bone morphogenetic protein 2; MGP, 
matrix Gla protein. Levels of mRNA from vehicle-treated cells were set to 1 and are indicated with a 
dashed line. Values are presented as mean ± standard deviation calculated from 3 biological replicates 
(the value of each biological replicate is the mean of at least 4 technical replicates). a and e indicate 
values statistically different (one-way ANOVA p<0.05) from control and PUFA-treated cells, 
respectively. PCR efficiency (EFF%) for each of the genes assayed in this study is 101 (COL1A1), 103 
(OP), 96 (TNAP), 110 (ON), 85 (RUNX2), 106 (COX2), 84 (BMP2), 100 (MGP) and 103 (RPL27a). 
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The next step in the analysis of these expression data was to try to make sense of the 
different and sometime opposite effects observed upon fatty acid treatment in relation to 
their mineralogenic effect. Data for COL1A1, ON, MGP and RUNX2 genes were not 
considered since changes in gene expression upon PUFA treatment were not significant 
or inexistent; they will therefore likely not play a role in the mineralogenic effects of 
PUFAs. Data for OP, BMP2, TNAP and COX2 genes were further analyzed. 
Concomitant increase in BMP2 and TNAP gene expression in DHA-treated cells may 
indicate a stimulation of VSa16 cell differentiation towards osteoblast lineage and a 
consequent positive effect on ECM mineralization. However, opposite effects in EPA-
treated cells or no effect in AA-treated cells are not sufficient to explain anti-
mineralogenic effect of these PUFAs. In this sense, the strong decrease in OP transcript 
may trigger a decrease in ECM mineralization, which is not seen in DHA-treated cells. 
Increase in COX2 gene expression in EPA- and DHA-treated cells may indicate the 
stimulation of prostaglandin production. According to available data (Kajii et al., 1999; 
Kruger et al., 2010), an increase in prostaglandin synthesis would negatively affect the 
mineralization of VSa16 cells; while it seems to be the case in EPA-treated cells, results 
from AR-S staining for DHA-treated cells show the opposite. The possible competition 
between AA and DHA for COX2 cyclooxygenase site and the consequent impairment 
of prostaglandin biosynthesis (Ringbom et al., 2001) may trigger, in our cell system, a 
compensatory mechanism resulting in an up-regulation of COX2 gene expression. The 
apparent contradiction between COX2 expression data and ECM mineralization data 
upon DHA treatment will need to be further studied and additional data, e.g. 
prostaglandin levels will need to be collected. 
 
V. Conclusions and future perspectives 
Our results show that essential fatty acids (i.e. AA, EPA and DHA) are effectors of fish 
bone cell lines, altering cell morphology, proliferation, mineralization and gene 
expression patterns when added to culture medium. PUFA effects were dose dependent 
(100 M inhibited VSa13 proliferation while VSa16 proliferation was stimulated), 
molecule and cell type-specific (All PUFAs decreased VSa13 mineralization while on 
the other hand DHA and AA/EPA have opposite effects on VSa16 mineralization), 
process-specific (additive effect on VSa16 proliferation and compensatory effect during 
mineralization) and in some cases, target gene-specific (apparent opposite regulation of 
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TNAP, BMP2 and COX2 gene expression by AA/EPA and DHA). This work also 
demonstrates the suitability of these in vitro cell systems to get insights into 
mineralization-related effects of PUFAs in vivo and eventually to evaluate the effects in 
bone of the replacement of fish oils by vegetable oil sources in fish feeds. Some of the 
results presented here support previous findings in established mammalian cell systems, 
some are contradictory; cellular response to fatty acids may depend on the maturation of 
the cell but also on the species at the origin of the cell lines. 
Future studies should aim at (i) determining whether proliferative and mineralogenic 
activity of selected PUFAs in gilthead seabream VSa cells can be generalized to other 
mineralogenic cell systems/ fish species (e.g. using mineralogenic cell lines derived 
from calcified tissues of the Atlantic salmon (Salmo salar) or the Senegalese sole (Solea 
senegalensis) or other gilthead seabream mineralogenic cell lines derived from 
branchial arches and lower jaw, all developed and available at EDGE-CCMAR 
laboratory) and also (ii) measuring precisely the amount of PUFAs that will be up taken 
and metabolized and participate in proliferative or mineralogenic activity (e.g. 
measuring PUFAs in cell extracts by gas chromatography–mass spectrometry). 
Identification of the metabolic pathways affected by PUFAs could help understand how 
PUFAs exert their effect on cellular proliferation, ECM mineralization and gene 
expression. For this, the supplementation of agonist and antagonists for known PUFA 
metabolic pathways, such as (i) indomethacin, a non-selective inhibitor of 
cyclooxygenases, (ii) nordihydroguaiaretic acid, an inhibitor of lipoxygenases, (iii) 
aristolochic acid I, an inhibitor of the phospholipase A2, (iv) fenofibrate, a fibric acid 
derivative affecting the peroxisome proliferator-activated receptor type alpha (PPARα, 
PPARs modulate lipid homeostasis; (Lee et al., 2003) and (v) pioglitazone, an enhancer 
of the PPARγ and, to a lesser extent, the PPARα, should be tested during the processes 
above mentioned. A complementary approach would be the use of a novel commercial 
system, the Cignal 45-Pathway Reporter Array (QIAGEN) which allows for the 
comprehensive analysis of 45 signalling pathways simultaneously, pinpointing the 
pathways that contribute to PUFA effects. Finally, a global analysis of gene expression 
through a microarray approach or RNA-Seq (whole transcriptome shotgun sequencing) 
could help identify genes differentially expressed upon exposure to PUFAs and 
putatively involved in their proliferative and mineralogenic effect, therefore improving 
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